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Abstract. Gold nanoparticles with diameters of a few tens of nanometer and a narrow size 
distribution were synthesized using a pulsed mixing method with a microfluidic system which 
consists of a Y-shaped mixing microchannel and two piezoelectric valveless micropumps.  This 
mixing method enables control of the mixing speed of gold salts and reducing agent by changing 
the switching frequency of the micropumps, which was our focus to improve the particle size 
distribution, which is an essential parameter in gold nanoparticle synthesis.  In the proposed 
method, the mixing time was inversely proportional to the switching frequency and the minimum 
mixing time was 95 msec at a switching frequency of 200 Hz.  During synthesis experiments, the 
mean diameter of the synthesized gold nanoparticles was found to increase and the coefficient of 
variation of particle size was found to decrease with decreasing mixing time.  We successfully 
improved the coefficient of variation to less than 10 % for a mean diameter of around 40 nm. 
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1. Introduction 
Gold nanoparticles have attracted significant scientific and commercial interest as nano 
materials since their chemical and physical properties are different from those of bulk materials 
due to quantum size effects [Henglein 1993], high reactivity [Nakamura et al. 2004] and localized 
surface plasmons (LSPs) [Nath et al. 2002].  The presence of LSPs leads to a strong enhancement 
of the electric field around a gold nanoparticle when incident light in the visible region interacts 
with a collective oscillation of electrons in the nanoparticle, and therefore it has attracted the 
attention of chemists since an electric field enhancement was found to be crucial for high-
sensitivity bio/chemical analysis using Surface Enhanced Raman Spectroscopy (SERS) 
[Shibamoto et al. 2001].  Furthermore, in recent years, many applications of LSPs have emerged 
in the nanophotonic field [Maier et al. 2003, Grigorenko et al. 2005]. 
In such applications, both the average size of the gold nanoparticles and the size distribution are 
critically important factors influencing LSP properties due to the strong dependence of these 
properties on particle size [Ekardt 1989].  For example, gold nanoparticles with diameters of 60 
nm are known to produce the largest enhancement of the electric field, making them highly 
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suitable for application to SERS [Quinten and Kreibig 1986].  Therefore, there has been much 
interest in developing a particle fabrication process that allows good controllability of the particle 
size and the size distribution. 
As fabrication methods for colloidal gold nanoparticles, laser ablation [Mafune et al. 2001] and 
various liquid-phase synthesis methods by reduction of gold salts have been reported.  In almost 
all cases, the latter approach has been taken and various reduction methods such as ultrasonic 
[Nagata et al. 1996], ultraviolet [Esumi et al. 1998] and chemical methods [Jana et al. 2001, 
Turkevich et al. 1951, Frens 1973, Cow and Zukoski 1994, Freund and Spiro 1982, Muhlpfordt 
1982, Chiang 2000, Nakamoto et al. 2005] have been reported.  The chemical reduction method 
with a reducing agent has been most frequently used for scientific studies and commercial 
production since it allows the synthesis of large quantities of nanoparticles and offers better control 
of the mean particle size by changing the type of reducing agent, reaction temperature, and 
concentration of the solution.  However, the size distribution becomes wider with increasing 
particle diameter and achieving a narrow distribution for a mean diameter of more than a few tens 
of nm has proven difficult [Jana et al. 2001, Turkevich et al. 1951, Frens 1973, Cow and Zukoski 
1994, Freund and Spiro 1982].  We considered a possible approach to address this difficulty 
based on a previously proposed formation mechanism for gold nanoparticles [Sugimoto 2003].  
In the liquid-phase chemical reduction method, gold nanoparticles are generated by aggregation 
of gold atoms resulting from the reduction of gold salt by a reducing agent.  As shown in Fig. 1, 
this process is divided into two stages: the nucleation and nucleus-growth stage (Stage 1), and the 
nucleus-growth-only stage (Stage 2), depending on the concentration of gold atoms in the mixed 
solution of gold salt and reducing agent.  In the early stages of mixing, the gold atom 
concentration increases as the gold salt is chemically reduced.  When it increases above a critical 
supersaturation level, nuclei are produced as aggregated clusters of gold atoms (nucleation) and 
these grow by further aggregation of gold atoms (nucleus growth).  If the gold atom 
concentration decreases below the critical supersaturation level due to consumption of gold atoms 
by nucleation and growth, the nucleation process ceases and nucleus growth becomes dominant. 
The size of the nanoparticles produced depends on (a) the number and size of nuclei generated 
per unit volume of solution during Stage 1, and (b) the number of remaining gold atoms per unit 
volume during Stage 2.  Smaller particles are produced when a large number of nuclei are 
generated in Stage 1 since only a small amount of gold atoms is available for their further growth.  
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The number of generated nuclei depends on their generation speed (namely, chemical reaction 
speed), the concentration of the solution and the duration of the nucleation process.   
The size distribution of the nanoparticles is dominated mainly by the size uniformity of the 
clusters generated during Stage 1.  A longer nucleation process gives rise to a larger size 
distribution since additional nuclei are being continuously formed. 
Based on this particle synthesis and growth mechanism, many researchers have tried to control 
the number of generated nuclei and the size uniformity of clusters during Stage 1 by varying 
factors related to the chemical reaction such as solution concentration, reaction temperature and 
the type of reducing agent.  Sodium citrate is one of the most well-known reducing agents for 
gold nanoparticles more than a few tens of nm in diameter.  The synthesis method reported by 
Frens allows for control of the gold nanoparticle diameter from about 10 to 150 nm.  However, as 
mentioned previously, it has so far proven difficult to obtain a narrow size distribution for 
nanoparticles more than a few tens of nm in diameter.  We believe that this problem arises with 
conventional methods as a result of nonuniform reaction speed due to temperature inhomogeneity 
and long mixing times which give rise to a long nucleation period during Stage 1.  The 
nonunifrom reaction speed at different places in a reaction chamber during an early stage of 
reaction leads different reaction routes of nucleation and nuclei growth with time lag as shown in 
Fig. 1.  This difference leads the long nucleation period which results in wide distribution of 
particle size.   
A microfluidic system is a promising candidate for nanoparticle synthesis because highly 
uniform reaction temperatures and solution concentrations can be achieved in the confined micron-
scale reaction chamber, and several studies have been reported on the synthesis of metal 
nanoparticles using such microfluidic systems.  In most cases, the target particle diameter was 
less than 10 nm [Wagner et al. 2008, Lin et al. 2004, Shalom et al. 2007, deMello et al. 2004].  
Furthermore, some researchers attempted to produce specific particle shapes such as rods and 
plates [Boleininger et al. 2006, Weng et al.].  However, there have been few reports on the 
particle size distribution in microfluidic systems.  The goal of the present study is to synthesize 
spherical nanoparticles with diameters of a few tens of nm with a narrow size distribution.  
Wagner et al. reported a mean particle diameter of approximately 30 nm with a coefficient of 
variation of about 30 % [Wagner and Kohler 2005].  They used laminar flow mixing in a 
microchannel a few hundred microns in width, with a rather low mixing time compared to the 
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batch process since mixing occurs by molecular diffusion across the interface between two 
solutions.  We assume that the high coefficient of variation was the result of a low mixing speed 
under conventional laminar flow conditions, which gives rise to a nonuniform concentration 
during the early stages of mixing.  This means the different routes as shown in Fig. 1 still occur 
even using the microfluidic devices.  Therefore, the mixing time should be reduced in order to 
decrease the coefficient of variation.  The time lag as shown in Fig. 1 is expected to be reduced 
by short mixing time.  Yang et al. reported a new microfluidic device for synthesis of particles 
with sizes ranging from 19 to 58 nm using rapid mixing during a period of about 1 second [Yang et 
al. 2010].  However, no evaluation results of the size distribution were reported in that paper.  
To date, there have been no reports on the influence of mixing time on the particle size 
distribution.  Therefore, in the present study, we examined the effect of mixing time on the 
coefficient of variation for mixing times of less than 1 second.  To control the mixing time, a 
pulsed mixing method [Fujii et al. 2003] was adopted in the microfluidic system in the present 
study.  This mixing method enables us to mix two solutions very rapidly and to easily tune the 
mixing speed.  In the present paper, we report on the fabrication and evaluation of a pulsed 
mixing microfluidic system for gold nanoparticle synthesis and the influence of the mixing time on 
the mean particle size and size distribution.  
2. Pulsed mixing method 
2.1 Principle of pulsed mixing method and microfluidic system 
A pulsed mixing method is an efficient way for mixing two solutions and it enables us to shorten 
and control the mixing time.  The microfluidic system used for the pulsed mixing consists of a Y-
shaped microchannel connected to an expanded microchannel and two piezoelectric valveless 
micropumps, as shown in Figs. 2 and 3.  Figure 3 shows a schematic image of the pulsed mixing 
method.  The height of all sections of the microchannel is 160 μm.  The widths of the Y-shaped 
microchannel at the point of merger and the downstream expanded microchannel are 30 and 150 
μm, respectively.  During pulsed mixing, two solutions are alternately pumped into the Y-shaped 
microchannel to produce pulsed layers of each solution.  These pulsed layers are then introduced 
into the expanded microchannel so that their thickness decreases.  The two solutions 
subsequently interdiffuse at their common interfaces in the expanded microchannel.  The 
decrease in layer thickness that occurs in the expanded microchannel gives rise to more rapid 
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mixing since the diffusion time necessary to mix the two solutions is proportional to the square of 
the layer thickness.  The layer thickness is determined by the flow rate and the switching 
frequency of the two solutions.  The two valveless micropumps in the microfluidic system can 
precisely control flow parameters such as flow rate and switching response for the pulsed mixing 
method. 
This mixing method can be expected to tune the mixing speed by only changing the switching 
frequency of two solutions.  Therefore this method is more suitable than other passive 
micromixer, for example, split-and-recombine micromixer which achieved significantly rapid 
mixing decreasing diffusion length of two solutions by stacking of fluid lamellas [Bessoth et al. 
1999]. 
2.2 Piezoelectric valveless micropump 
We used the micropump which working principle is dependency of flow resistances of inlet and 
outlet channels on flow rate for the pulsed mixing on the model of the previous work [Fujii et al. 
2003] although some valveless micropumps have been reported [Gerlach 1998, Gerlach et al. 
1995].  Figure 4 shows a schematic cross-sectional view and a top view of the piezoelectric 
valveless micropump.  The micropump consists of an inlet channel (25-μm width, 25-μm height 
and 25-μm length), a pair of outlet channels (36-μm width, 25-μm height and 440-μm length for 
each channel) and a pump chamber with a diaphragm (30-μm thickness).  A piezoelectric-
zirconate-titanate (PZT) plate with a thickness of 60 μm is located on the backside of the 
diaphragm.  The structure of this micropump and the driving pulse were designed by equivalent 
electrical circuit analysis [Hayamizu et al. 2002, Tanaka et al. 2007]. 
3. Experimental 
3.1 Fabrication process of microfluidic system 
The microfluidic system was fabricated by silicon (Si) micromachining as shown in Fig. 5.  
Silicon dioxide (SiO2) with a thickness of 1 μm is formed on a 200-μm-thick Si wafer by thermal 
oxidation.  Following deposition of a 0.1-μm-thick aluminum (Al) layer, the Al and SiO2 layers 
are patterned (a, b).  Additional patterning is then carried out on the Al layer alone to produce a 
stepped Si structure (c).  The backside SiO2 layer is also patterned (d).  The Si substrate is then 
etched by Reactive Ion Etching (RIE) using the SiO2 and Al as an etching mask (e).  The Si 
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backside is also etched to allow alignment of the PZT plate with the Si diaphragm (f).  After 
removal of the topside SiO2 regions uncovered by Al, the Si is etched by RIE using the Al as a 
mask pattern (g, h).  An oxide layer of 1 μm is then formed on the Si surface to produce a 
hydrophilic surface (i).  Cr/Au (10 nm/100 nm) layers are next deposited on the wafer backside 
for the PZT electrode (j).  Pyrex glass with thickness of 700 μm is then bonded to the Si structure 
by anodic bonding (k).  Finally, the PZT plate with thickness of 50 μm is glued onto the etched 
backside groove (l). 
3.2 Pulsed mixing 
The performance of the fabricated micropump was characterized by its flow rate and output 
pressure.  A glass tube was connected to the outlet hole of the microchannel and the displacement 
of the water surface was measured.  The flow rates of the two micropumps on the chip were 
calibrated by adjusting the amplitude of the driving pulse in order to generate identical flow rates 
from the two micropumps during the experiments.  A voltage, ranging from 50 to 100 V, was 
applied to the micropumps to produce flow rates of 40 nl/sec. 
In order to verify the formation of pulsed layers, the pulsed flow was observed with a 
fluorescence confocal microscope (IX71, Olympus).  The fluorescent dye used in this experiment 
was Rhodamine B.  Fluorescence images (16-bit grayscale) were recorded by a CCD camera at 
mid-depth in the microchannel.  One micropump was filled with the Rhodamin B which was 
diluted with ultrapure water to a concentration of 48 mg/L, and the other was filled with ultrapure 
water alone.  The fluorescence intensity was confirmed to be proportional to the concentration of 
fluorescent dye for concentrations less than 48 mg/L.  As mixing of the fluorescent dye and 
ultrapure water proceeded by pulsed mixing in the expanded microchannel, the fluorescence 
intensity in the microchannel approached half the maximum value observed in the channel filled 
with only Rhodamine B.  In this study, the thickness of the pulsed layer is defined along the 
center of the microchannel as shown in Fig. 3. 
3.3 Synthesis of gold nanoparticles 
Tetrachloroauric acid (HAuCl4, Wako) as a gold salt and sodium citrate (Na3C6H5O7, Kanto 
chemicals) as a reducing agent were mixed at room temperature.  Table 1 shows the experimental 
conditions for the gold salt (0.48 or 0.96 mM), reducing agent (1.44 or 2.88 mM), mixing method 
and collection method of the mixed solution.   
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In the first experiments (collection method 1), the mixed solution was allowed to accumulate on 
the glass at the outlet port of the microchannel (see Fig. 2) for 5 minutes and was then collected 
into a test-tube by a pipette.  In the second experiment (collection method 2), the mixed solution 
in the microchannel was discharged for 5 minutes into the silicone tube with an inner diameter of 
500 μm, which was connected to the outlet port.  The collected solutions by both collection 1 and 
2 were kept under dark storage for 2 days to assure complete growth.  They were then dropped 
onto a Si chip whose surface was modified with 3-Aminopropyltriethoxy-silane (Sigma Aldrich) to 
fix gold nanoparticles.   
Diameters of synthesized gold nanoparticles were measured by Scanning Electron Microscopy 
(SEM; S-4500, Hitachi).  For each solution, the number of particles counted was 150.  Gold 
nanoparticles synthesized by a conventional batch process were also prepared for comparison. 
4. Results and discussion 
4.1 Pulsed mixing 
Figure 6 shows fluorescence microscope images of pulsed layer formation at switching 
frequencies of (a) 50 Hz, (b) 100 Hz and (c) 200 Hz.  As can be seen, the thicknesses of the 
formed layers decreased as they moved from the Y-shaped microchannel into the expanded 
microchannel.  Pulsed mixing was confirmed at switching frequencies of up to 200 Hz.  At 
higher frequencies, the volume ejected from each pump was insufficient to occupy the entire 
microchannel width upon emerging from the Y-shaped microchannel and the flow pattern of the 
two solutions resembled that during laminar flow mixing.  From the images in Fig. 6, the 
variation in the fluorescence intensity as a function of position along the Y-shaped and expanded 
microchannels was calculated as shown in Fig. 7.  Clear cyclical variations in the fluorescence 
intensity can be observed along the microchannel.  Furthermore, the intensity gradually 
approaches half of its maximum value, which indicates that mixing of two solutions is finished. 
From the cycle length of the variations in fluorescent intensity in Fig. 7, the thicknesses of 
pulsed layers in the Y-shaped and expanded microchannel were measured (Fig. 8).  The measured 
thicknesses in the Y-shaped microchannel were 269, 141 and 72 μm, for frequencies of 50, 100 and 
200 Hz, respectively, and the thicknesses in the expanded microchannel were 78, 41 and 21 μm, 
respectively.  The thicknesses of the pulsed layers were inversely proportional to the switching 
frequency in both the Y-shaped and expanded microchannels. 
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The volume required to fill the dotted circle in Fig. 3 is 7.1×104 μm3, which is the necessary 
volume to form a pulsed layer.  The ejected volume of 2.0×105 μm3 at the switching frequency of 
200 Hz is therefore sufficient to form a pulsed layer.   
In addition, the pulsed layer thicknesses along the center of the microchannel were calculated 
based on the flow velocity and the switching frequency. The thickness of a pulsed layer w can be 
expressed as w = Umax / f, where Umax and f indicate the maximum flow velocity in the channel 
cross section and the switching frequency, respectively.  Umax has a value of 1.5 U and 2.1 U in 
the 30-μm-wide (aspect ratio: 5) and 150-μm-wide (aspect ration: 1) channels, respectively, where  
U represents the average velocity in the channel.  The calculated layer thicknesses are also 
plotted in Fig. 8, and it can be seen that the experimental and calculated values show good 
agreement. 
Figure 9 shows the mixing time as a function of the switching frequency. The mixing time is 
defined as the time until the difference between the measured fluorescence intensity and half the 
maximum intensity becomes less than 5 %.  The mixing times were found to be 448, 232 and 95 
msec for switching frequencies of 50, 100 and 200 Hz, respectively.  Therefore, the mixing time 
can be easily controlled by changing the switching frequency and rapid mixing was achieved by 
increasing the switching frequency up to 200 Hz in this study.  
The theoretical mixing time t was also calculated as t = l2 / 2D, where l and D indicate the 
diffusion length and the diffusion constant, respectively.  A diffusion constant of 4.27×10-6 
cm2/sec [Culbertson et al. 2002] was used in this calculation.  The diffusion length l was defined 
as distance from Point A to the nearest interface between two solutions since the slowest mixing 
point is Point A in Fig. 3.  The calculated results are also shown in Fig. 9, and agree well with the 
experimental data.  These results confirm that control of the mixing time is possible using the 
fabricated device. 
4.2 Synthesis of gold nanoparticles 
Gold nanoparticles were produced using a batch process and by pulsed mixing at switching 
frequencies of 50, 100 and 200 Hz, and SEM images of the nanoparticles are shown in Fig. 10.  
Figure 11 shows the size distributions of the produced gold nanoparticles measured from the SEM 
images.  The conditions A and B in Figs. 10-12 correspond to collection methods 1 and 2, 
respectively, where the same concentration of HAuCl4 was used.  Figure 12 shows the mean 
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particle diameter and the coefficient of variation of particle diameter as a function of the switching 
frequency. 
4.2.1 Coefficient of variation of particle diameter 
According to Figs. 10-12, as a general trend, the coefficient of variation is smaller for 
nanoparticles produced by the pulsed mixing method than by the batch process.  Furthermore, the 
coefficient of variation also decreases with increasing switching frequency.  These results 
indicate that the coefficient of variation is smaller for shorter mixing times of less than a few 
hundred msec.  This corresponds well with the proposed formation mechanism of nanoparticles 
described in the introduction.  The results also suggest that the initial reaction between HAuCl4 
and sodium citrate, which corresponds to the nucleation process, is a diffusion-limited reaction.   
We now discuss the effect of the collection method on the coefficient of variation by comparing 
the results for the A and B groups in Figs. 10-12.  The reason why a switching frequency of 50 
Hz and collection method 1 led to a higher coefficient of variation than that for the batch process is 
thought to be as follows.  In collection method 1, the mixed solution is accumulated at the outlet 
port for 5 minutes.  During this accumulation time, the particles which experienced different 
synthesis times are mixed at the outlet port.  Therefore this accumulated solution includes the 
different particle size.  These particles grow with gold atoms which are also mixed up at the 
outlet port.  This influence increases the coefficient of variation.  This effect imposes the same 
effect as the low-mixing-speed effect to the particle synthesis.  The low mixing speed leads time 
lag of the nucleation and nucleus growth due to the diffusion-limited reaction as shown in Fig. 1.  
This means the solution mixed with the low mixing speed includes particles which experienced 
different synthesis times.   
At switching frequencies of 100 and 200 Hz, the coefficients of variation using collection 
method 1 (Figs. 10-12 A) were smaller than those of collection method 2 (Figs. 10-12 B).  
However, for synthesis by chemical reduction, the coefficient of variation increases with 
increasing particle diameter.  Considering that the mean particle diameters for collection method 
1 were much smaller than those for collection method 2, it can be said that collection method 2 
produces a larger relative improvement in the coefficient of variation.  In other word, during the 
synthesis, solutions which have experienced different reaction times should not become mixed as 
the collection method 2.   
We now consider the effect of mixing time on the coefficient of variation in the case of 
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collection method 2.  The coefficient of variation was smaller for a switching frequency of 100 
Hz than for 50 Hz.  However, the coefficients of variation at switching frequencies of 100 and 
200 Hz were almost the same.  When the mixing speed is changed, the nucleation period is the 
only factor influencing the coefficient of variation.  The almost identical coefficients of variation 
at 100 and 200 Hz possibly indicate that the mixing time at 100 Hz was short enough compared to 
the nucleation period to mix the two solutions uniformly.  
Concerning the dependence of the coefficient of variation on the HAuCl4 concentration, it was 
found that a higher concentration of the gold salt led to a lower coefficient of variation.  The 
coefficient variation for a HAuCl4 concentration of 0.96 mM was much lower than that for a 
concentration of 0.48 mM.  A higher concentration of the gold salt not only increases the 
reduction rate of the salt itself but also increases the consumption rate of gold atoms.  Therefore, 
the nucleation period should be shorter at higher salt concentrations, which would likely lead to a 
smaller coefficient of variation.  A minimum coefficient of variation of 9.6 % was achieved for a 
HAuCl4 concentration of 0.96 mM and switching frequencies of 100 or 200 Hz.  This is the 
smallest value ever reported for a mean particle diameter of around 40 nm. 
4.2.2 Particle diameter 
The mean diameter of gold nanoparticles produced by pulsed mixing was much larger than that 
for the batch process except for the case of using collection method 1.  A HAuCl4 concentration 
of 0.48 mM resulted in a maximum particle diameter of 42.7 nm at a switching frequency of 200 
Hz using collection method 2.  The mean particle diameter increased with increasing switching 
frequency.  These particle diameters are about twice those for the batch process or using 
collection method 1.  These results indicate that a higher mixing speed produces larger particles 
in the same concentration.  This means that the mixing speed affects the number of nuclei 
produced, which determines the particle size as discussed in the introduction.   
5. Conclusion 
Gold nanoparticles were synthesized using a pulsed mixing method with a microfluidic system 
in order to achieve a narrow size distribution.  In this study, we successfully demonstrated that 
the pulsed mixing method decreases the coefficient of variation of particle diameter due to rapid 
mixing.   
The fabricated microfluidic system consists of a Y-shaped microchannel and two piezoelectric 
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valveless micropumps to allow high-frequency switching during pulsed flow.  Pulsed flow was 
confirmed up to a switching frequency of 200 Hz.  It was shown that the mixing time could be 
easily controlled by changing the switching frequency and rapid mixing was possible by 
increasing the switching frequency.  The mixing time at 200 Hz was 95 msec. 
The synthesis experiments established the effect of mixing speed on mean particle size and the 
size distribution for the first time.  The size of the gold nanoparticles was found to increase and 
the coefficient of variation found to decrease by increasing the mixing speed using the pulsed 
mixing method.  The minimum coefficient of variation was 9.6 % for a HAuCl4 concentration of 
0.98 mM using collection method 2.  Based on these results, we confirmed that high mixing 
speed was a critical factor for producing a narrow size distribution because of the short nucleation 
time involved. 
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Fig. 1. Synthesis mechanism of liquid-phase chemical reaction method for gold nanoparticles.  
Stage (1): nucleation and nucleus growth, Stage (2): nucleus growth.  The dotted line indicates a 
critical supersaturation level which defines a threshold concentration of Au0 atoms for nucleation. 
Fig. 2. Photograph of microfluidic system with two micropumps and a Y-shaped microchannel 
for pulsed mixing. 
Fig. 3. Schematic diagram illustrating principle of pulse mixing with two micropumps.  Widths 
of Y-shaped microchannel to produce pulsed layers and downstream expanded microchannel are 
30 and 150 μm, respectively.  The white dotted circle at the confluence point indicates the 
minimum area occupied by the solution for pulsed mixing.  Point A in the expanded channel 
indicates the center between interfaces of two solutions. 
Fig. 4. Schematics of the piezoelectric valveless micropump.  a) top view, b) cross-sectional 
view, c) and d) top views of the inlet and outlet channel, respectively. 
Fig. 5. Fabrication process of a microfluidic system with piezoelectric valveless micropumps. 
Table 1.  Synthesis conditions for gold nanoparticles. 
Fig. 6. Fluorescence images of pulse flow at a switching frequency of (a) 50 Hz, (b) 100 Hz and 
(c) 200 Hz.  Fluorescent dye and ultrapure water emerge from the top and bottom channels, 
respectively.  Widths of the Y-shaped and expanded channels are 30 and 150 μm, respectively. 
Fig. 7. Fluorescence intensity along the center of the microchannel at mid-depth for a switching 
frequency of a) 50 Hz, b) 100 Hz and c) 200 Hz.  The fluorescence intensity values are relative 
values.  
Fig. 8. Thickness of the pulsed layer as a function of switching frequency on a logarithmic scale.  
The solid and dotted line show the thickness of layers in the 30-μm- and 150-μm-wide channels, 
respectively.  
Fig. 9. Mixing time as a function of switching frequency. 
Fig. 10. SEM images of gold nanoparticles synthesized by batch process and pulsed mixing at 
switching frequencies of 50, 100 and 200 Hz. Scale bars indicate 200 nm. 
Fig. 11. Particle diameter distributions for gold nanoparticles synthesized by the batch process and 
the pulsed mixing method at switching frequencies of (a) 50 Hz, (b) 100 Hz and (c) 200 Hz. A) 
collection method 1 with a HAuCl4 concentration of 0.48 mM. B) collection method 2 with a 
HAuCl4 concentration of 0.48 mM, C) collection method 2 with a HAuCl4 concentration of 0.96 
mM. 
Fig. 12. Mean particle diameter and coefficient of variation for gold nanoparticles synthesized by 
the batch process and the pulsed mixing method at switching frequencies of (a) 50 Hz, (b) 100 Hz 
and (c) 200 Hz.  (A) collection method 1 with a HAuCl4 concentration of 0.48 mM. (B) 
collection method 2 with a HAuCl4 concentration of 0.48 mM, (C) collection method 2 with a 




















Fig. 1. Synthesis mechanism of liquid-phase chemical reaction method for gold nanoparticles.  
Stage (1): nucleation and nucleus growth, Stage (2): nucleus growth.  The horizontal line 
indicates a critical supersaturation level which defines a threshold concentration of Au0 atoms for 
nucleation.  The two lines indicate different routes at different places in the reaction chamber, for 







Fig. 2. Photograph of microfluidic system with two micropumps and a Y-shaped microchannel 






Fig. 3. Schematic diagram illustrating principle of pulse mixing with two micropumps.  Widths 
of Y-shaped microchannel to produce pulsed layers and downstream expanded microchannel are 
30 and 150 μm, respectively.  The white dotted circle at the confluence point indicates the 
minimum area occupied by the solution for pulsed mixing.  Point A in the expanded channel 






















































Fig. 4. Schematics of the piezoelectric valveless micropump.  a) top view, b) cross-sectional 
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a) Top view 
b) Cross-sectional view 
c) Inlet channel d) Outlet channel 
500μm
150μm
a) Al deposition (0.1 μm) 
b) SiO2 and Al patterning 
c) Al patterning 
d) Backside SiO2 patterning 
e) 1st Si etching 
f) 2nd Si etching 
g) SiO2 removal 
h) 3rd Si etching 
i) Oxidation (1 μm) 
j) Cr/Au deposition  
(10/100 nm) 
k) Anodic bonding 



























Fig. 6. Fluorescence images of pulse flow at a switching frequency of (a) 50 Hz, (b) 100 Hz and 
(c) 200 Hz.  Fluorescent dye and ultrapure water emerge from the top and bottom channels, 





Fig. 7. Fluorescence intensity along the center of the microchannel at mid-depth for a switching 
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0.48 1.44 50, 100, 200
0.96 2.88 Batch, 50, 100, 200
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Collection method 1: Accumulated at an outlet port of a 



























Fig. 8. Thickness of the pulsed layer as a function of switching frequency on a logarithmic scale.  
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Fig. 10. SEM images of gold nanoparticles synthesized by batch process and pulsed mixing at 
switching frequencies of 50, 100 and 200 Hz. Scale bars indicate 200 nm. 
 
 
HAuCl4: 0.48 mM HAuCl4: 0.96 mM 


































Fig. 11. Particle diameter distributions for gold nanoparticles synthesized by the batch process and 
the pulsed mixing method at switching frequencies of (a) 50 Hz, (b) 100 Hz and (c) 200 Hz. A) 
collection method 1 with a HAuCl4 concentration of 0.48 mM. B) collection method 2 with a 





Fig. 12. Mean particle diameter and coefficient of variation for gold nanoparticles synthesized by 
the batch process and the pulsed mixing method at switching frequencies of (a) 50 Hz, (b) 100 Hz 
and (c) 200 Hz.  (A) collection method 1 with a HAuCl4 concentration of 0.48 mM. (B) 
collection method 2 with a HAuCl4 concentration of 0.48 mM, (C) collection method 2 with a 
HAuCl4 concentration of 0.96 mM. 
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